† Background Allopolyploidization is one of the major evolutionary modes of plant speciation. Recent interest in studying allopolyploids has provided significant novel insights into the mechanisms of allopolyploid formation. Compelling evidence indicates that genetic and/or epigenetic changes have played significant roles in shaping allopolyploids, but rates and modes of the changes can be very different among various species. Triticale (Â Triticosecale) is an artificial species that has been used to study the evolutionary course of complex allopolyploids due to its recent origin and availability of a highly diversified germplasm pool. † Scope This review summarizes recent genomics studies implemented in hexaploid and octoploid triticales and discusses the mechanisms of the changes and compares the major differences between genomic changes in triticale and other allopolyploid species. † Conclusions Molecular studies have indicated extensive non-additive sequence changes or modifications in triticale, and the degree of variation appears to be higher than in other allopolyploid species. The data indicate that at least some sequence changes are non-random, and appear to be a function of genome relations, ploidy levels and sequence types. Specifically, the rye parental genome demonstrated a higher level of changes than the wheat genome. The frequency of lost parental bands was much higher than the frequency of gained novel bands, suggesting that sequence modification and/or elimination might be a major force causing genome variation in triticale. It was also shown that 68 % of the total changes occurred immediately following wide hybridization, but before chromosome doubling. Genome evolution following chromosome doubling occurred more slowly at a very low rate and the changes were mainly observed in the first five or so generations. The data suggest that cytoplasm and relationships between parental genomes are key factors in determining the direction, amount, timing and rate of genomic sequence variation that occurred during inter-generic allopolyploidization in this system.
INTRODUCTION
Allopolyploidy is a major process involved in plant speciation, which occurs naturally by joining two or more different, but usually closely related, genomes into the same nucleus through wide hybridization between different species (or genera). Genome-wide gene redundancy not only enables allopolyploids to tolerate more genome variation compared with their progenitors, but also provides novel opportunities to generate functional diversification between homoeologous genes and genomes (Adams and Wendel, 2005; De Bodt et al., 2005) . Increased fitness is also provided by loss of self-incompatibility and gain of asexual reproduction and higher levels of heterozygosity, most of which can be fixed, in allopolyploids (Comai, 2005) . Therefore, allopolyploidization can increase plant fitness and this may have contributed to the widespread occurrence of allopolyploids (Wendel, 2000) , accounting for 30-70 % of plant species. Indeed it has been estimated that up to 100 % of angiosperms may be considered polyploids if paleopolyploids are included (Wolfe, 2001; Liu and Wendel, 2002) . Support for this latter hypothesis has recently been provided by Cui et al. (2006) , and was clearly demonstrated in cereals, which had encountered an ancient polyploidization event about 70 million years ago, before divergence of the major cereals (Paterson et al., 2004) .
However, gene and genome duplication often cause genome instabilities, chromosome imbalances, regulatory incompatibilities, and reproductive failures (Chen, 2007) . Therefore, newly formed allopolyploids must establish a compatible relationship between alien cytoplasm and nuclei and between two divergent genomes to be successfully adapted in nature (Chen, 2007) . It was suggested that allopolyploid genomes have experienced both revolutionary (instant) and evolutionary (accumulating) changes (Feldman and Levy, 2005) , which cover a variety of genetic as well as epigenetic interactions (Comai, 2000; Chen, 2007; Paun et al., 2007) . These evolutionary forces have shaped allopolyploids, facilitating adaptive evolution and obscuring the polyploid nature of many paleopolyploids such as arabidopsis (Arabidopsis Genome Initiative, 2000) , maize (Zea mays; Gaut, 2001) , soybean (Glycine max; Grant et al., 2000) and rice (Oryza sativa; Guyot and Keller, 2004) .
To understand early evolutionary events, newly synthesized allopolyploids have been used to investigate early genetic changes contributing to the diploidization process of allopolyploids which cannot be revealed in the natural counterparts (Song et al., 1995) . This strategy has been widely used in many species including newly synthesized wheat (Triticum spp.) where molecular studies have revealed sequence elimination and gene expression changes shortly after allopolyploid formation (Feldman and Levy, 2005) .
Similar genetic changes and epigenetic phenomena have been observed in other newly synthesized allopolyploids, such as arabidopsis, Brassica, cotton (Gossypium spp.) and triticale (Â Triticosecale), and recently formed natural allopolyploids, Tragopogon miscellus and Spartina anglica (reviewed by Ma and Gustafson, 2005; Adams and Wendel, 2005; Chen, 2007) . However, the rates, types and degrees of genetic and epigenetic changes are very different among various allopolyploid species (Ma and Gustafson, 2005) . It is evident that genetic distance between the parental genomes combined in the polyploid nucleus and nuclear -cytoplasmic interactions play significant roles during allopolyploidization. Of the well-studied newly synthesized species, triticale is mostly characterized by its genome complexity, different ploidy levels of parental genomes and inter-generic hybridization. These features make the genomic changes of triticale more extensive than any of the other allopolyploid species studied. It has been suggested that, in triticale, cytoplasm and degree of relationship between the parental genomes were the key factors in determining the direction, amount, timing, and rate of genomic sequence variation occurring during intergeneric allopolyploidization, thus providing significant novel insights into the evolutionary mechanisms of allopolyploids (Ma et al., 2002 (Ma et al., , 2004 Ma and Gustafson, 2006) . In this review, the observations obtained from triticale are summarized and the mechanisms of allopolyploidization discussed.
GENOME COMPLEXITY AND DIVERSIFICATION OF TRITICALE
Triticale (Â Triticosecale Wittmack) is an artificial species with a very short history of just over 100 years. It is a chromosome-doubled inter-generic hybrid between various wheat species (Triticum ssp., AA, AABB and AABBDD) and rye (Secale cereale, RR). Since the first attempt to produce an artificial hybrid (Wilson, 1876) and the first recognition of large-scale natural hybridization between wheat and rye (Meister, 1921) , thousands of triticales have been synthesized in a variety of ploidy levels and genome constitutions, such as tetraploid (AARR), hexaploid (AABBRR) and octoploid (AABBDDRR). Furthermore, secondary triticale lines, which are the stable hexaploid derivatives obtained by intercrossing an octoploid triticale and/or hexaploid wheat with a hexaploid triticale, have been developed for cultivation. Compared with other allopolyploid species studied, triticale is very complex because of its high ploidy level, large genome size and the distant relationship between the wheat and rye genomes brought together into the polyploid nucleus. These features make triticale a very valuable species for analysing early genetic evolutionary events, which occur in a complex allopolyploid genome.
OVERALL GENOMIC SEQUENCE CHANGES IN TRITICALE
The overall genomic sequence changes of triticale were studied using AFLP and RFLP profiles of two octoploid and two hexaploid triticales as well as their corresponding wheat and rye parents, F 1 wheat-rye hybrids, and several early generations of the re-synthesized triticale lines (Ma et al., 2002 (Ma et al., , 2004 Ma and Gustafson, 2006) . Large-scale AFLP studies were implemented using two kinds of primer combinations EcoRI -MseI and PstI-MseI to get an unbiased genome-wide estimation of genomic sequence variation that occurred in both repetitive and low-copy sequences. AFLP analysis provided an opportunity to investigate genomic sequence changes at a genome-wide level. However, how representative amplified sequences are of the entire genome depends on the restriction enzymes used in the study. A general factor affecting restriction enzyme cleavage is cytosine methylation, which is widespread in the genome. Cytosine methylation is predominately present at CpG or CpNpG sites (Gruenbaum et al., 1981) , and in non-coding and repetitive sequences (Finnegan et al., 1998) , whereas the coding sequences are usually not methylated. Compared with EcoRI, PstI is highly sensitive to the cytosine status in CpNpG sites because its recognition site (CTGCAG) involves two CpNpG trinucleotides. As a result, EcoRI -MseI primers mainly amplify repetitive sequences, whereas PstI-MseI primers predominantly target low-copy sequences (Ma et al., 2004) . Although it is not a precise estimation of sequence types, these two kinds of AFLP markers fairly differentiated general sequence type distributions along chromosomes, in which EcoRI -MseI markers are evenly distributed, whereas most PstI-MseI markers are mainly present in the distal gene-rich regions (Young et al., 1999; Rodriguez Milla and Gustafson, 2001 ). Furthermore, coding sequence variation was investigated using cDNA-probed RFLP analyses (Ma et al., 2004) . Overall estimations of the changes occurring in the three types of sequences in triticale are summarized from several studies (Ma et al., 2002 (Ma et al., , 2004 Ma and Gustafson, 2006) and presented in Table 1 . The data were classified as present (no change) and absent (loss) for each ploidy level (hexaploid vs. octoploid), because different triticale materials within the same ploidy level showed similar results for each marker type used in the studies, but sequence variations between different ploidy levels were significantly different. Results indicated that the degree of genomic sequence variation in triticale was much higher than that which occurred in wheat, where sequence changes involved up to 15 % of the genomic DNA when the same method (AFLP) was used to investigate genome-wide sequence changes (Shaked et al., 2001) . In addition, the majority of changes in triticale resulted from band loss rather than by gaining novel bands, implying potential sequence elimination, which has been well documented in a series of allopolyploid wheat studies (Feldman and Levy, 2005) . The wheat and rye parental genomes demonstrated dramatic differences regarding sequence changes that had accumulated in the triticales.
To investigate the effects of each factor influencing the rate of sequence change further, the data from Table 1 (except for the novel type) were re-formatted in Table 2 to clarify the parental effects, ploidy level effects and sequence type effects.
Parental effects: wheat vs. rye
Different parental effects controlling allopolyploid genome changes were observed in triticale with significantly more rye genomic changes than wheat ( Fig. 1 ). As shown in Table 2 , about 80 % of the wheat-specific bands but only 35 % of the rye-specific bands were retained in triticale and on average, 65 % of the rye bands were lost in triticale. It seems clear that, to be accommodated in a triticale background, the rye genome has undergone a much higher degree of genome adjustment than the wheat genome.
This high degree of directional genomic sequence changes in triticale is different from that reported in the wheat genome complex where specific sequence losses occurred about evenly from both parents (Feldman et al., 1997; Liu et al., 1998a, b; Ozkan et al., 2001) . Nuclearcytoplasmic interaction might explain the high degree of rye genomic changes observed in triticale. Since rye-wheat hybrids (i.e. rye used as the maternal parent) are extremely rare and unstable, all existing triticales have been derived from wheat-rye hybridization, which contain wheat cytoplasm. Gill (1991) hypothesized that the paternal genome may be more vulnerable to change in a newly formed hybrid, because it is exposed to the 'hostile' environment of maternal cytoplasm. Cytoplasm-caused directional sequence changes were clearly illustrated in Brassica when reciprocal inter-specific crosses were studied (Song et al., 1995) . In addition, since triticale comes from the hybridization between polyploid wheat and diploid rye, the wheat genome may be more adapted in a polyploid condition than the rye genome because the wheat genome has already experienced genetic and epigenetic changes during its allopolyploid evolution. This may, in part, explain why the changes in the wheat genome are less than in the rye genome in triticale.
Another notable difference was that the total amount of parental genome variation in triticale was much higher than that reported in the wheat complex, which could be due to the fact that the joined parental genomes of triticale are more distinctly related than those in wheat. It is plausible to speculate that hybrids between more distinctly related genomes would encounter a higher degree of evolutionary accommodation in order to achieve a balanced status (see also Song et al., 1995) . It was also evident that, when a band was present in both wheat and rye parents, the frequency of that band being conserved in triticale was much higher than if it appeared in only one parent (Tables 1 and 2) . Therefore, allopolyploids derived from closely related inter-specific crosses would be more likely to show small genome changes since their parents would share a higher percentage of common sequences.
Ploidy level effects: hexaploids vs. octoploids
Ploidy level was also shown to play a significant role in the extent of genomic changes in triticale. The relative frequency of sequence changes was similar within the same ploidy level, but significantly different between ploidy levels (Ma et al., 2002 (Ma et al., , 2004 Ma and Gustafson, 2006) . Octoploid triticales (AABBDDRR) were more stable than hexaploid triticales (AABBRR). On average, about 30 % and 40 % of the parental bands were lost in octoploid and hexaploid triticales, respectively. The mechanism underlying this difference was not clear, but it could relate to the ratio of parental genome constitutions. The rye genome accounts for one-third of the triticale genome in hexaploid triticale, but it is only one-quarter of the triticale genome in octoploid triticale. Since the rye genome was more vulnerable to change, as discussed above, the higher ratio of rye genome content could increase overall genome instability in hexaploid triticale compared with octoploid triticale. A 9 % DNA content decrease was noted in octoploid triticale, but up to 28-30 % decrease was noted in hexaploid triticales (Boyko et al., 1984) . This demonstrated the significant role of ploidy effects, and also implied that band losses mainly resulted from DNA content decrease or sequence elimination during the course of triticale formation.
There are few reports of ploidy level effects during allopolyploidization in other species because most of these studies have been implemented at the same ploidy level. The studies in the wheat complex included polyploidy levels from 4x to 8x, but there were no obvious differences in the overall genomic changes between different polyploidy levels .
Sequence type effects: repetitive vs. low-copy and coding sequences
The rate of genomic sequence changes among various DNA sequence types was also very different (Ma et al., 2002 (Ma et al., , 2004 Ma and Gustafson, 2006) . Tentative repetitive sequences always underwent more extensive changes than tentative low-copy sequences, which were higher than coding sequences (Table 2 ). The pooled data from Table 2 indicate about 42 %, 31 % and 22 % of the bands were lost from tentative repetitive, tentative low-copy and coding sequences, respectively. This trend of sequence conservation suggests that fitness changes are more likely to occur in highly repetitive sequences. These differences may be driven by evolutionary forces, which select against potential detrimental changes in coding sequences, but are highly tolerant to changes in non-coding, repetitive sequences.
Sequence type effects were even more obvious when different ploidy levels and parental types were considered (Ma et al., 2002 (Ma et al., , 2004 Ma and Gustafson, 2006) . For example, in hexaploid triticale, the percentage of wheatspecific bands maintained in triticale varied depending on sequence type (repetitive ¼ 54 . 3 %, low-copy ¼ 84 . 8 % and coding ¼ 96 . 0 %; Table 1 ). In contrast, the percentage of rye-specific bands conserved in triticale ranged only 30-38 % and were not markedly affected by sequence type or ploidy level (i.e. hexaploid or octoploid).
TIME COURSE OF THE GENOMIC SEQUENCE CHANGES
The time course of genomic sequence changes was investigated using re-synthesized triticales by crossing the exact same inbred wheat and rye parental lines as the existing triticales (Ma and Gustafson, 2006) . The hybrids (F 1 ) before chromosome doubling and three to five generations after chromosome doubling were obtained and used to study early genetic events during the course of triticale development with a subset of AFLP primers from the above studies to detect the amount of genome variation occurring before and after chromosome doubling (Ma et al., 2002 (Ma et al., , 2004 Ma and Gustafson, 2006) . Most of the variation accumulated in existing triticales had already occurred in the F 1 hybrids, indicating an immediate and dramatic response to the inter-generic crosses.
Additional changes after chromosome doubling were relatively small and levelled off after several generations (Ma and Gustafson, 2006) .
Changes in hybrid vs. triticale
The genomic sequence changes detected before and after chromosome doubling were re-formatted in Table 3 using data taken from Ma and Gustafson (2006) . It was clear that different parental sequence types and ploidy levels played a role in determining the genomic sequence changes which occurred in the hybrids and existing triticales.
In the hybrids, differences were noted between the changes in the wheat-specific and rye-specific bands. The majority of wheat-specific bands lost in triticale were still present in the F 1 hybrids. For the tentative repetitive sequences only about 10 % (9 . 4 % þ 0 . 5 %, octoploid) and 22 % (19 . 9 % þ 2 . 8 %, hexaploid) of the total wheatspecific bands were lost in the F 1 hybrid. For tentative low-copy sequences even fewer bands were lost with only 3 % (1 . 7 % þ 1 . 2 %) and 8 % (4 . 7 % þ 2 . 8 %) of the total wheat-specific bands lost in octoploid and hexaploid F 1 hybrids, respectively (Table 3) .
However, for rye-specific bands, most were lost in the F 1 hybrids, before chromosome doubling (Ma and Gustafson, 2006) . The frequencies of changes in the F 1 hybrids were very high, but at a similar level for different ploidy and/ or sequence types, ranging from 45 % to 50 % of all ryespecific bands ( Table 3 ). The data clearly indicate that the rye genome responds more extensively than the wheat genome to wide hybridization.
As expected, when a band was shared by both wheat and rye parents, the ratio of band losses in the hybrids was very low, about 5 -10 % and 2 -3 % of the total bands scored from repetitive and low-copy sequences, respectively. In all cases, there were always a few parental bands which were lost in the F 1 hybrids, but re-appeared in the existing triticales, implying either epigenetic modifications or different changing events between the existing and the re-synthesized triticales. Moreover, band losses in the hybrids were generally more extensive in repetitive compared with low-copy sequences. Rapid and extensive changes in repetitive sequences may facilitate the overall compatibility between wheat and rye genomes in triticale (Ma and Gustafson, 2006) .
Changes in different generations
Genomic changes following chromosome doubling were very small and appeared to be gradual (Ma and Gustafson, 2006) . This process was hardly detected in the wheat parental genome because changes in wheat-specific bands were very rare after chromosome doubling (Ma et al., * The band losses in F 1 hybrids are presented as the sums of these two columns throughout the text. † The percentages refer to the proportions within each banding type. Ma and Gustafson, 2006) . However, additional variation, mainly loss of rye-specific bands was detectable in the early-generations of triticales following chromosome doubling (Ma and Gustafson, 2006) . The generation series involving the newly created triticale lines provided a clear picture with similar tendencies of genomic sequence changes for EcoRI -MseI and PstI-MseI primers in all four sets of triticale lineages studied (Ma and Gustafson, 2006) . In this review, only data from the 'Chinese Spring' Â 'Imperial' lineage are discussed because it is the only hybrid selfed up to five generations after chromosome doubling. The EcoRI -MseI and PstI-MseI data were pooled for each generation of the 'Chinese Spring' Â 'Imperial' lines and plotted in Fig. 2 .
The data show that the proportion of lost bands increased in the first five generations, reaching the highest level at the C 5 generation, which explained 8 . 1 % of the total rye band losses accumulated in existing triticale. All together, the first five generations following chromosome doubling accounted for 17 . 4 % of the total band losses (Fig. 2) . The remaining 14 % represented the accumulated losses of more than 30 generations after C 5 (Ma and Gustafson, 2006) . The data imply that the amount of genomic change following chromosome doubling reached its highest point at C 5 , or soon after, and then levelled off. This observation is unexpected as we speculated that the greatest amount of genome change after chromosome doubling would occur in the first allopolyploid generation after chromosome doubling (Ma and Gustafson, 2006) . The reason for this unexpected tendency in early generations is not clear.
A similar tendency of genomic changes was also seen in re-synthesized Brassica napus (Lukens et al., 2006; Gaeta et al., 2007) . The studies only detected rare genetic changes in the first generation (S 0 ), but these became much more frequent in the S 5 generation (Lukens et al., 2006; Gaeta et al., 2007) . Cytosine methylation changes were observed to be frequent in S 0 and most of the S 0 methylation status remained fixed in their S 5 progeny, although some reversions and new methylation patterns were also observed (Gaeta et al., 2007) . It is noted that the S 5 changes detected by Gaeta et al. (2007) might involve accumulated changes of several early generations. The study also indicated that the genetic changes in Brassica were mainly due to homoeologous nonreciprocal transpositions because DNA fragment losses often occurred at linked marker loci, and most fragment losses co-occurred with intensification of signal from homoeologous markers (Gaeta et al., 2007) . However, in triticale, the band loss was rarely associated with band intensification, and the overall frequency of losing bands were much higher than gaining novel bands.
Time courses of genomic sequence changes were also studied in the wheat complex for natural and non-natural occurring allopolyploid combinations . Here it was found that the pattern, rate and time of elimination of various chromosome and genome-specific sequences were affected by the genomic combination of the allopolyploid, with rapid elimination occurring in combinations that existed in nature . The rapidity of processes in natural allopolyploid combinations may facilitate their successful establishment. Triticale is a man-made species, although natural wheat-rye hybridizations have been reported. However, the overall genomic changes are very large and occurred very rapidly, indicating a highly imbalanced state of the combined wheat and rye genomes in triticale.
GENE EXPRESSION CHANGES IN TRITICALE
Overall, we conclude that a large degree of non-additive genomic sequence changes have occurred during the course of triticale evolution. However, how gene expression has been affected is still elusive. Due to its high genome complexity, molecular studies on gene expression lag behind other allopolyploid model species, but changes in gene expression in triticale, compared with parents, have been reported (Lacadena et al., 1984; Somers and Gustafson, 1994; Gustafson and Flavell, 1996; Viegas et al., 1996; Houchins et al., 1997; Neves et al., 1997; Rozynek et al., 1998; Voylokov and Tikhenko, 2002; Leonova et al., 2005) . Studies showing variations in cDNA-probed RFLP banding profiles also imply changes in gene expression (Tables 1 and 2) . A very high level of expressed sequence changes was also reported in the early generation of an octoploid triticale (Han et al., 2003) . Gene expression changes induced by allopolyploidization have been widely observed in other species (Chen, 2007) . It is not surprising that gene expression changes are often associated with other genetic events, including sequence deletion, interchromosomal exchanges and rearrangements, and transposon activation; thus, extensive genomic banding variation will undoubtedly affect parental gene expression in allopolyploid triticale. It is possible that changes in gene expression may lead to increased fitness and the successful establishment of the triticale genome.
FIG. 2. Percentage of rye parental band lost in each generation of a newlysynthesized triticale, 'Chinese Spring' (AABBDD) Â 'Imperial' (RR), in relative to the total losses accumulated in the old counterpart (over 35 generations old). Hybrid ¼ the F 1 hybrid before chromosome doubling; C 1 -C 5 ¼ the first five generations after chromosome doubling.
NON-ADDITIVE AND NON-RANDOM GENOME CHANGES AND MECHANISMS OF ALLOPOLYPLOIDIZATION
Non-additive phenomena and non-random genome changes have been widely observed in allopolyploids (Liu and Wendel, 2002; Feldman and Levy, 2005) and these changes have shaped the evolutionary processes of allopolyploids. As discussed, the triticale genome has undergone a remarkable degree of non-additive sequence changes which are non-random, but are a function of the relationship between the parental genomes, ploidy level and sequence type. A typical observation of the non-random changes in triticale was the large number of bands lost from the rye parental genome. Independent occurrences of losing the same bands were observed among three sister lines of each generation of newly synthesized triticale lineages (Ma and Gustafson, 2006) , indicating at least some of these events were non-random. Band loss or sequence elimination is believed to be a major evolutionary force driving the successful establishment of allopolyploid wheat (Feldman and Levy, 2005) and agrees with studies on C-values of polyploids showing that genome downsizing, or loss of DNA following polyploidization, might be a widespread phenomenon shaping allopolyploids (Leitch and Bennett, 2004) . Indeed polyploidy and segmental duplication followed by gene loss are likely to have occurred extensively during the evolution of all flowering plants (Bennetzen, 2007) . Low-copy sequence elimination has been well studied in newly synthesized wheat allopolyploids (Feldman and Levy, 2005) and there are now reports of repetitive sequence elimination in allopolyploids. For example, studies in wheat (Han et al., 2005) and tobacco (Skalicka et al., 2005) have shown that copies of certain repeats were eliminated rapidly and preferentially in a genomespecific manner. The elimination process was reproducible and continuously targeted the same repeat sequence in several consecutive generations (Han et al., 2005) . It was also observed that elimination of the same repeat sequence was reproducible among different individuals derived from a single cross (Skalicka et al., 2005) or even among different allopolyploids synthesized from different parental species (Han et al., 2005) . More importantly, at least some (Skalicka et al., 2005) or all (Han et al., 2005) of the genome changes showed concordance with changes that presumably occurred during evolution of their natural counterparts, indicating non-random, selective elimination of the repeats.
Chromosomal translocations and nonreciprocal transpositions are believed to be a major cause of genomic sequence changes in Tragopogon miscellus and Brassica napus (Song et al., 1995; Tate et al., 2006; Gaeta et al., 2007) . It was suggested that exchanges among homoeologous chromosomes were a major mechanism in creating novel allele combinations and phenotypic variation in newly formed B. napus polyploids (Gaeta et al., 2007) . Recent comparative genomics studies have uncovered an even higher level of genomic rearrangement than originally observed in grass species (Bennetzen, 2007) . Small rearrangements (mostly tiny deletions), which are caused by illegitimate recombination, are exceedingly abundant in grasses (Bennetzen, 2007) . Transposon activity has also played a significant role in plant speciation (Chen, 2007; Bennetzen, 2007) , and their role in polyploid evolution is also suggested from studies by Kashkush et al. (2003) . They showed that allopolyploidization in wheat lead to activation of retroelements resulting in changes in gene expression. In triticale, disappearance of retrotransposon sequences has also been reported (Han et al., 2003) .
Epigenetic changes are widely observed in newly created allopolyploids and are the major phenomena observed in cotton and arabidopsis allopolyploids (Adams et al., 2003; Wang et al., 2006) . The current research did not provide direct data supporting epigenetic changes, but an earlier study showed that the wheat genome composition did change rye gene expression in triticale (Houchins et al., 1997) .
CONCLUSIONS AND PERSPECTIVES
Overall, significant genomic sequence changes have been detected in triticales and the extent of these changes is much greater than that observed in any other allopolyploid species studied. The genomic changes in triticale are mainly observed as AFLP and RFLP band losses in the F 1 hybrids, with most losses occurring from the rye genome. The frequency of band losses in hexaploid triticales is much higher than that in octoploid triticale; and it is also higher in tentative repetitive sequences than in low-copy sequences. These observations, together with the reported genome size decrease (Boyko et al., 1984) , suggests that rapid and extensive sequence elimination is a major process involved in the evolution of triticale.
Although a large-scale genomic profile study has been initiated in triticale, more molecular work is needed to uncover genetic and epigenetic events during triticale formation. Understanding the nature, extent and consequences of gene expression changes and epigenetic modifications are worthy goals to increase understanding into the evolutionary process involved in generating allopolyploids.
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